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Introduction. Nanoscopically confined polymers and
low molecular weight glass-formers often exhibit a
deviation in glass transition temperature (Tg) from that
of the bulk material.1-18 With confined, supported films,
there is evidence that a depression in Tg is due to
enhanced mobility near the air-polymer surface5-11,13

while an increase in Tg is associated with attractive
polymer-substrate interactions3,8,10,14,15,18,19 that may
overwhelm the free-surface effects.11,15,18

Potentially of equal scientific and technological im-
portance as the Tg is the physical aging of nanoconfined
glasses.10 In the case of polymers, physical aging is the
structural relaxation below Tg of the chains from their
nonequilibrium conformations to an overall conforma-
tional state at equilibrium. With bulk systems, this
leads to time-dependent properties including increases
in density, modulus, and yield stress and decreases in
specific enthalpy, impact strength, fracture energy, and
ultimate elongation.20,21 Unlike the many Tg nanocon-
finement studies, there are few reports on physical
aging of confined glasses.10,22-24 Kawana and Jones22

used ellipsometry to study polystyrene (PS) supported
on silicon; at 30 K below the bulk glass transition
temperature (Tg,bulk), an 18 nm thick film exhibited
aging while a 10 nm thick film did not. Lu and Nutt23

reported reduced enthalpy relaxation for epoxy-clay
nanocomposites compared to that of neat epoxy. In
contrast, Simon et al.24 reported that the enthalpy
relaxation of a low molecular weight glass-former
confined to nanopores was faster than in bulk due to
the combined effects of isochoric aging and the fact that
confinement had reduced the Tg.

Here we provide the first characterization of physical
aging as a function of polymer-substrate interactions,
attractive in the case of poly(methyl methacrylate)
(PMMA)/silica substrate films and nonattractive in the
case of PS/silica substrate films, in nanoconfined poly-
mers. We employ fluorescence of mobility-sensitive or
free-volume-sensitive chromophores, similar to methods
used to characterize aging in bulk polymer.25-30 These
chromophores exhibit an increase in fluorescence with
a decrease in local mobility or free volume, which
accompanies densification during aging. Royal and
Torkelson28 found that the temperature dependence of
the physical aging rate measured by julolidine malono-
nitrile (JMN) doped in a variety of polymers agreed

qualitatively with the temperature dependence of the
rate of volume relaxation.31 Using 4-tricyanovinyl-[N-
(2-hydroxyethyl)-N-ethyl]aniline (TC1), with a higher
quantum yield than JMN,32 Ellison et al.10 extended this
approach to monitor aging at Tg,bulk - 25 K in ultrathin
poly(isobutyl methacrylate) (PIBMA) films supported on
silica. They found that the aging rate was roughly
independent of thickness down to 10 nm. In the present
study, we employ TC1 as a dopant (in a simple mixture
with PS, without covalent attachment to the polymer)33

or as a label covalently attached at trace levels to
PMMA.34 Using thin (500 nm thick) and ultrathin (20
nm thick) PS and PMMA films supported on silica, we
demonstrate that aging in confined systems can be
suppressed at temperatures below Tg,bulk or induced at
temperatures above Tg,bulk, depending on the level of
attractive polymer-substrate interactions. We also
show how confinement can affect the temperature
dependence of the aging rate below Tg,bulk.

Experimental Section. Polystyrene was synthesized
by free radical polymerization (FRP): Mn ) 354 000
g/mol, Mw/Mn ) 1.76 by gel permeation chromatography
(GPC) relative to PS standards; Tg,onset ) 376 K35 (DSC,
10 K/min heating rate, second heating). Poly(methyl
methacrylate) was synthesized by FRP: Mn ) 355 000
g/mol, Mw/Mn ) 1.54, by GPC universal calibration;36

Tg,onset ) 394 K.35 The probe TC1 was synthesized using
procedures in refs 37 and 38. Following ref 39, PMMA
was synthesized incorporating a trace of TC1-labeled
methacrylate monomer: Mn ) 150 000 g/mol, Mw/Mn )
1.60, by GPC universal calibration;36 Tg,onset ) 393 K;35

0.24 mol % TC1 label (UV-vis absorbance). Polymers
were thoroughly washed and dried40 prior to use.

Films were spin-cast from toluene solutions onto
quartz slides.41 Doped films contained less than 0.50 wt
% TC1; labeled PMMA films contained 0.24 mol % TC1.
Films were dried under vacuum at Tg,bulk + 5 K for 8 h.
Thickness was measured by profilometry, taking the
average of at least four measurements. Prior to each
aging experiment, the thermal history was erased by
annealing at Tg,bulk + 25 K for 20 min. Films were
quenched using a temperature-controlled cell holder
preset to the aging temperature. Fluorescence was
recorded using a Photon Technology International fluo-
rimeter in front-face geometry with 3.0 mm excitation
and emission slits (12.0 nm band-pass) and a 480 nm
excitation wavelength. Physical aging was monitored by
measuring the maximum intensity (at 550-555 nm for
TC1-doped PS and at 560-565 nm for TC1-labeled
PMMA).

Results and Discussion. Figure 1 shows the emis-
sion spectrum of a 500 nm thick, TC1-labeled PMMA
film. After absorption of light and promotion of an
electron to an excited singlet state, TC1 returns to the
ground state by internal conversion (energy loss by
vibrational and rotor motions) or by fluorescence. The
film densifies upon aging, suppressing internal conver-
sion and yielding an increase in fluorescence intensity.42

The 38% increase in intensity over 460 min of physical
aging at 305 K (Tg,bulk - 88 K) exceeds that observed in
various JMN-doped polymers27,28 as well as in TC1-
labeled PIBMA.10 By comparison, TC1-doped PMMA
yields a 6-7% increase in intensity at the same condi-
tions43 used in Figure 1.
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Figure 2 compares the effects of aging temperature
and nanoconfinement on the physical aging of TC1-
labeled PMMA. Intensities are normalized at 10 min
after quenching from well above Tg,bulk to ensure that
thermal equilibrium had been achieved in the films
annealed at Tg,bulk + 7 K as well as those annealed at
Tg,bulk - 88 K. When the 500 nm thick film is aged below
Tg,bulk, there is a roughly linear increase in intensity
with logarithmic aging time, similar to aging monitored
by enthalpy recovery27 and density.20,31,42 When the thin
film is aged above Tg,bulk, there is no increase in
intensity, consistent with the film being at equilibrium.

In contrast to the thin film, the ultrathin film exhibits
a much smaller, 4% increase in intensity over 460 min

of aging at Tg,bulk - 88 K. Furthermore, unlike the 500
nm thick film, the 20 nm thick film exhibits aging when
annealed at Tg,bulk + 7 K, a clear indication that the
ultrathin film in not at equilibrium. Several factors may
contribute to these effects. First, as a result of attractive
PMMA-substrate interactions, the ultrathin film has
a Tg that exceeds Tg,bulk,14 thereby allowing for aging at
temperatures above Tg,bulk. Evidence for the enhanced
Tg is obtained from a break in the temperature (T)
dependence of the fluorescence intensity of the ultrathin
film of TC1-labeled PMMA at 407 K or Tg,bulk + 14 K;
in contrast, the 500 nm thick TC1-labeled PMMA
exhibited a break in the T dependence of fluorescence
intensity at 393 K, exactly the value of Tg,bulk for this
sample. Previous studies10,11,15,18 have shown that the
break in the T dependence of the fluorescence of a trace
amount of pyrene probe or label yields accurate Tg
values in both bulk and nanoconfined polymer films. For
further discussion, see ref 44. This also means that the
thin and ultrathin films aged deep in the glassy state
at 305 K have been aged at different temperatures
relative to their own Tg values; physical aging is known
to depend on quench depth below Tg.21,28,31 Second, it is
postulated that attractive polymer-substrate interac-
tions may significantly retard structural relaxation in
ultrathin films.45 A final potential contributing factor
may be related to the effect of confinement on the sub-
Tg â-relaxation, which has long been understood to be
correlated with the presence of physical aging.46 At
present, there are several reports17,47,48 regarding the
impact of nanoconfinement on the â-relaxation of PMMA.
However, because of differences in sample tacticity and
substrate interaction, there is not a consensus among
these reports on the effect of nanoconfinement on the
â-relaxation. Further study of this issue and its cor-
relation with physical aging in confined polymers is
warranted.

Figure 3 compares the effects of temperature and
nanoconfinement on physical aging of TC1-doped PS49

over an 80 min aging time. In agreement with previous
studies of bulk PS,26,31 the 500 nm thick film ages faster
at Tg,bulk - 10 K than at Tg,bulk - 71 K. At Tg,bulk - 71

Figure 1. Fluorescence emission spectrum of a 500 nm thick
TC1-labeled PMMA film as a function of physical aging time
after a temperature jump from above Tg,bulk to Tg,bulk - 88 K:
10 min (solid line); 460 min (dashed line). Inset: molecular
structure of TC1-labeled methacrylate monomer used in the
labeling procedure.

Figure 2. (a) Normalized fluorescence intensity of a 500 nm
thick TC1-labeled PMMA film as a function of logarithmic
aging (or annealing) time after quenching from Tg,bulk + 25 K
to the following temperature: Tg,bulk - 88 K (305 K) (circles);
Tg,bulk + 7 K (400 K) (squares). The invariance of intensity with
annealing time at Tg,bulk + 7 K indicates that the polymer is
at equilibrium. (b) Normalized fluorescence intensity of a 20
nm thick TC1-labeled PMMA film as a function of logarithmic
aging or annealing time after quenching from Tg,bulk + 25 K
to the following temperature: Tg,bulk - 88 K (circles); Tg,bulk +
7 K (squares). The TC1 label is able to monitor aging in the
ultrathin film at Tg,bulk + 7 K, indicating that the ultrathin
film is not at equilibrium.

Figure 3. Normalized fluorescence intensity as a function of
logarithmic aging or annealing time for 500 nm thick TC1-
doped PS films at Tg,bulk - 10 K (366 K) (triangles up) and
Tg,bulk - 71 K (305 K) (triangles down) and for 20 nm thick
TC1-doped PS films at Tg,bulk - 10 K (366 K) (squares) and
Tg,bulk - 71 K (305 K) (circles). Physical aging was initiated
by a temperature jump from Tg,bulk + 25 K to the temperature
of interest. The invariance of intensity with annealing time
for the 20 nm thick film at Tg,bulk - 10 K indicates that the
polymer is at equilibrium. Inset: molecular structure of TC1.
(Note: Over the entire aging time the probes response to aging
is not completely logarithmic. At very early aging times there
appears to be an initial plateau in the aging response. Similar
physical aging responses have been observed previously in
bulk PS samples studied by fluorescence or volumetric relax-
ation.28,31)
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K, the 20 nm thick PS film exhibits about the same
aging as the 500 nm thick PS film. However, when
annealed at Tg,bulk - 10 K, the ultrathin film exhibits,
within error, no aging. This evidence of structural
equilibrium in a PS ultrathin film below Tg,bulk agrees
with findings by Kawana and Jones,22 who observed no
structural relaxation in a 10 nm thick PS film aged at
Tg,bulk - 30 K. The absence of physical aging in nano-
confined PS films at a temperature below Tg,bulk may
be explained by the fact that such films exhibit strong
Tg depressions. Data by Ellison et al.10,11,15 and Keddie
et al.2 indicate that a 20 nm thick PS film exhibits a Tg
that is depressed by 14-17 K relative to Tg,bulk; extrapo-
lations of the same data suggest that a 10 nm thick PS
film has a Tg depressed by much more than 30 K
relative to Tg,bulk.50

Figure 4 compares the effect of aging temperature on
the “fluorescence aging rate”, rf, in thin and ultrathin
PMMA films; Figure 4a does so as a function of absolute
aging temperature whereas Figure 4b does so as a
function of Tg - Taging (this is the quench depth below
Tg). By analogy to specific volume aging rate,21,31 rf is
defined as10,28

where F (F0) is fluorescence intensity at aging time ta
(at the assumed start of aging). Over the temperature
range and aging time studied, the aging rate of the 500
nm thick PMMA film exhibits a maximum near 305-
320 K (∼73-88 K below Tg of the 500 nm thick film)
and decreases with increasing temperature approaching
Tg,bulk. This is in reasonable agreement with the specific
volume aging rate of bulk PMMA31 and characterization
of rf of bulk PMMA using JMN.28 The aging rate

changes dramatically in two ways when PMMA is
confined in the 20 nm thick film. First, below Tg,bulk, rf
is reduced dramatically relative to the 500 nm thick
film. Second, the maximum in rf is observed near 388
K (∼19 K below Tg of the 20 nm thick film) and is more
than a factor of 2 higher than the rf values at 320-365
K.51 The vastly reduced aging rate in the ultrathin film
may be rationalized by polymer-substrate interactions
reducing the rate of structural relaxation. A postulate
for the increase in aging rate with increasing temper-
ature from 363 to 388 K in the 20 nm thick film is that
the thermal energy at higher temperature may over-
come some of the polymer-substrate interactions, en-
hancing the structural recovery. Figure 4b shows that
the differences in physical aging rate observed in the
500 nm thick and 20 nm thick films cannot be ascribed
to differences in Tg with film thickness. Obviously, the
maximum aging rate is observed to occur much closer
to Tg in the ultrathin film, and at no value of Tg - Taging
does the aging rate of the ultrathin film approach or
exceed that of the thin film. Further study of the
complex roles of polymer-substrate interactions and
free-surface effects on physical aging of nanoconfined
polymers is underway.
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